#4%5 2016,34(18)

SCIENCE & TECHNOLOGY REVIEW

KL TRkt T TR B9 A2 TFADRL

L AEE, 8, FHR,AF’

1. b FmAE K FHMHFERFRLE, LF 100083
2. A R FMAF R, b 100084

RE BWHHEE+HLERERARIAR, ERNEEHIRSEREN AN EFHHERAR —XRR, EAREK. &
THEHEREDEFE. EFHRERMELARRENELEN R, EXFRLBEZXMA TSRS, MEFERETEHRS
HmIEEM M R, BRI AR A IR 4 RSB MR G AT, AKX FEALF MR YE
ik, FF BB B H B RN R, REF MG PR B RS, B, BETHEN RN AEFMRIEEREARESH

Ro AXMETHREN R EF MR RERM—GRE,
XER EFHRLSREN R ARSE AN BB Ais R

FL R IR BT P A4 TR T B A A B R e T
W e X T HARFE B IER S MRS, He o Rl [R]HRHy
1E. ADESAMEHEREARS T 2t e sliu R HATELE
IR AR K r THEERBT &8 . M e Biu H— R
B I3 n = Jau Ry HEEL, R LR} i R i
AEJETH HT I (evanescent waves ) , PRI HL R R REAE T8 R N
SEECAATRL P ABRE . S U BORIRE S 3 [ 5 Ay £ B R A
RIS VR T 75 BR W) BE 24 R Veselago ¥ T 72 T 41 KA BLIE #E
MM, Veselago ¥8 H , 44 HH B EE SR R A sk, iy
Rt R i DL SGROR Z TR AN ERAIE 28 M H A BRI A
FoEM, MR A TR . XM R P ERARE R T
22 SR RONE , QAR AT SR 2RO 30 2238 B A0 | R T R L 58
Fe i BERON LA RSy R B 4 (BRI 30 R4, A
MTHE RN R IR R B B AT 4% 31 & Tl 18] B Sy BB AL L
ELH] 1996 4F-, Pendry 55 5 48 H R WIHES A9 41 3 2 MR 51 i
FE SO 10 B JR I 7 A v 5800 PR S I T T R
I (SRRs) B3 AT LMK RGP E AT R T0s i B Jre B T G 5
RO, S, Smith SIS T JRIIPEHES 49 40 28 F SRRs
HAFES], FHN T 4B S T —4E 09 A2 TR RR — 4k
B 22 TR}, 8 ok B e SR ik 1 SR T I B A, BB
PG, s Ebs b7k 72T Rt s, AT
B ) S 56 UE B 38 8 (Science) FE 7 2003 4F + KRR i i
Z—s

X EAA N T3 B4 A RIS B 1
W PIVET 1) A FORL, BFRAE AR (metamaterial ) AL

P22 B bSO I LA R [ PRk o e 4 s, fE B
FORE LR DEA U B TR , o ZE TR RHR B
e IR U ) — AR

FGL I Ze T AR I 45 Fh 2 Jm S5 A AR AR A R,
YRR AN R T AL R AR PERE , T2 A KLY
N TEHICHE , LA S0 /N 5 AR #
REDIE o PRI, A R AR R 2 4% T N T 4540 e,
(P BIAR TR A RBOESA T B ZE TR IR, iR T
FCAEH IS DR [ SEAR R T TR AR Y 2RO g
g 5 X TR 2 T 4 A A B BRI, 24— LI
SE , HAE O H RS R AE C o , AR i 4175 BLI
BRAH T AR P A 0 5 17 LG ) i FE L 2 A AR
8 S B I T R AR R B IR A o 0 JLAF A S BEAS BEARAE
Py BRRAE P A 2% Ao R G IR A 01 o e R T ARAT 22 T
BHTE M — & AR ORISR 22 TR A 4
AT AT, 100 ELS L ADIRERTREAT A — 2L 5 72 T
FORL R asPE R Z DR rE . Ferb R R BRRE A Jot A Sk il 3L R 52
B K 72 TR RO e R 1) — 28 I J LA R A2 31 T
R 1T o

1 BEITRPHAESE

BRHEA 5T A £ G R  B P2 Thompson £ 1955 4F-38
T RREARTE SN EE A I LS SEBLRY o BRREY) 0T 1 Ak R
FE MAEA 0 Hee G SMIMERES) S8BT GBS 45
] 5 1 S5 80 SRR A 850555 ) VR TR L Bl S8 Ha/E A

BAS B H1:2016-04-11;15= B #1:2016-04-20
AETB AR ERZHERAF KR IFTRFFRRALT 2R B

VA 9 LA A, BER T 61 A BT, 15 4 :b20140189@xs.usth.edu.cn; & GEAZVEH ) FFR R, BF R 7 61 4 T 4L 1 & B AR A HE

¥, 43 # : baiy@mater.ustb.edu.cn

SIAMBK 4, AMEE, @F, 5. R THEA R £F AT FHFR, 2016, 34(18): 54-65; doi: 10.3981/j.issn.1000-7857.2016.18.005

Il 54



Fl 542 2016,34(18)

JetE . OB ML 28 32 2l 7 AT BE - S 86 Ay
DTN A I -

dm _ _ o dM
4 - YMH My (1)

Horb o N BHLE BB, y ERE LE

YRR R R A2 B P AR B ARG , BME E W)
H, ARG G h WA A8 2 162 (R 5 2 9 07 1) 3
3y, MM RE ) b BT REFE A b BOAE T I 2 ik 3l R 3
TR o0 1k B O R RS BT b FERE S, BB G AR /N
THREFE B BRI R PR RE AN 2 LUK SERHJE
IHFERBERL, PRSI 2 80, e A S8 S EAL . 5 se
ARG RIS MRS [ A AR AR I, R 2R R A k3
Pko QRSN HIEAR ARSI, 21352 5 0 3R i 5L

SCIENCE & TECHNOLOGY REVIEW

i, WA RS, SRES D5 AR B, T A2 T s TR
PRI, 7 5 23 Y B {7 B0 W R T R R AR A R 1y 4t
%IS’MO

2 ETBENTRMOEFHE
21 WEETFHRENROEFHE

2005 4£ , Pimenov 25M7E (LaAl05)o 5(SraLaAlTaOs)o(LSAT) i
J& 1 FH 22 H A v R S 2 DR A2 L 412 RN i 484 SRUZ B
B A/B HY R S 25 (17 TR SR Y Ba.Cus O, 55 5
FILHR I A H L, BRI B LaoosSro. MnOs ) 2R IR
SEPRGRE SR FEIRE N 10 K AMINEE N 2.9~3.1 T RYA5
T, ZEERTE 90 GH2 i Ab HLAT XU Ae T4 o

LSMO/YBCO 90 GHz
@) (b) e
>\\\\\YBCQ\\\ N < 0K Bakre]|
VLSOOI g2 S S =
: = Fi 1 RG] | %, ]
RO YBCONNNY a8 " fa

LSMOLL

L H L
2.5 Field (T) 3.5

N YBCO 9.3 nm N
, LSMO  26.1 nni//

500

Field (T) n

(a) A2 St LA LA RE Ao BUARAR RUEAR R 25405 (b) A4S 25 £ 10 KA 200 KIBE T RFI 3 F a9 e § R 4 R
1 RS- RRE SRR BHE R WA

Fig. 1

R E AR K2 Harris™ B 1 T 428k G A (YIG) BRI A
554 R LR B9 A2 A5 mT LASEBR G B, AT TR 3 T AR LA
A1 WA TREEE 400 wm Y YIG JHEEFD 8 HEAHBE 1 mm J& 1)1
HES I & JRARZE I 2 A 4500, SXF 22 T2 & 450 BAT T il
Yy, Seasr  IRIRAFE R . TR T FESMINtE 3 (1)
I T M 18~23 GHz (K I B2 ) i [l N 1 22 F-1% 4, IF H B %
ANINRESA 3 R 38 T W) 57 ) R RS B, Al AR T

FEE A TFAB R B T I 4 8 2 S5 90 m) 45 5 T304
7 A A HUR B, 3 T AR A A REY Mie 1854 7= A £
I HUR B T A TR TR SO T 7E FRA JEAR MG
F7HED YIG B RIERBRABAIE (BST) M5 (kv /R S B A T
MORHESHS . BST 2B RE, HATIE & T IR BT/ R
B, 5 T Mie PR , 7655 1 SOR IR T B 0 s
B BHS%AKRN RS RARES GG, T EAET
b
2.2 ETHHNRNEFHEERSE

SRRs VE i N T3 45008 F F 42 F- bRk B it 67 % 5

LSMO/YBCO metamaterial and its double negative property

AR TS 1) Sk A 2SRRI T EO SR B — 4E DA
A, H RIS B AL 455 SRRs R 2 ek 22 H
SR A HEAT VR o BREE A B b T R A AT R BT
THUX SRRs Z5Fg LIS B0 T3 . BRBESY o ) B 55 1
U R R AR AT, TR SRR T LA i fi
Yy WA 15 S R R AF AT o DRI R] L e 3
I 2GR R AT R RDRHRRPE A TR T TR S 28 AT i A
R4
221 ZHEATARE

PR T 3 R R 4 T L R IR e R
HETT RO B 1 T AR AL, T LA — R AR A R 42
TR I WA AT IR X B A - SR A2
BT IRMECT —Z 50 TAE AATTA 220 o B R AR 7
TE PCB Z21 frlt H 25 5] B 114 <2 s ] 42 R 310 548 75— MDA YIG
BRI, S0 & BUX AR A S A SN MG R 1§ 00 T 7
ARATIE N BB ST A o I CST R B 45 R Kk BB ST
2 HH PR R 3 AR R BRI D S X [ 24

55



#4%5 2016,34(18)

SCIENCE & TECHNOLOGY REVIEW

T B A EWTEATRIRE T B SR AL E, nl LIE E], A
TNRESH P OB, AN 2 HY B 538 1Y, 11 Bifi 25 0 300 E ) 34
o, 26 TR R HE DL YIG AR IR 00 6 S0 DABh A& i

0

oA TR o TR TR, SN S o R R R AR R A
AR B0 4 Hh B DA R A Tl s L, B AR

sl —00e —1400 Oe—1500 O
e lﬂ—:--so ——1600 Oe—— 1700 Oe—— 1800 Oo
20 o~ 201900 0e=——2000 O¢ i
=2 = = =YIG slab 108 8 -
= 40 -=-- Copperwires | " & & _anl
g A S 2 40
‘2 Composite J15% 2
YIG slab Copper, wires E .60 E E 60}
PCB E -20 g £
— —
\I ] £ 50 o5& = 80}
i :
P . , sl -30 -100 : - -
= 100 8 9 11 12 8 9 10 11 12
(a) YIG slab (b)

Frequency/GHz (c)

Frequency/GHz (d)

(a) YIGZEMH; (b) YIGEEAI-PCB A LA EFMH; (¢) st H=1500 Oe B YIG R 4AE A A A £ F #8040 5 4,
(d) REVFEED AT LA £ F A B4R
B2 YIGHEMAH-EIRIHLEE & EMEFHRENRERERE
Fig. 2 Structure and properties of YIG ferrite—Cu wires composite LHM

USRI 1 S X R 2 TR RS A A T
TRABITE H3E T Y BIPUBRAEAA (BaxCor sCuooFe 02 ) FIAE(H]
B — B AR Z Y S G 4540 . B — A B RRAE S MIN G 3%
S T 3000 Oe Jr , 3 S 23 th BE— W B ST A% XTI
BRIGICIR I B s R gl o X TR AR A A

e
4 1 B B €

k(y)

waveguide

H(x)

E,Hy(2)

(a) YEMHEE-EBEEAEFHHNERTE

Amplitude of S,
e
W

LIS B G5, R AR TR 42 55T 8] B LN Y A
R —A R /MY Tl . ARAE R oTZ A 2%
P2 (412 mm BRG] FEAR B BB 5 1O T8, IXRE sl AT
DA% 31 ok 25 e 3t (P 31) , I H. 22 F38 5 7T LA 2o i
BRI T

e O
(.‘L ¥
o
L 9 1 &
45 | o \At! o= H,="2000 Oe
XV —o=1,=3000 Oe
45 ¢

—4=H,= 4000 Oe
=v=H,= 5000 Oe
8.0 8.5 9.0 0.5 10.0 10.5
fIGHz

(b) EAEHIA T HIBSTIE

E3 YEMKEF-EBEESLEF RSN SRR IR
Fig. 3 Structure and properties of Y-type hexaferrite—Cu wire composite LHM

L RAF RS T E FRA ST T R HES 1
MnZn B AR R Z RPN 1 70 T 25 450, anf&l 4 (b)
PiRe 0 T BEARHRRERES 1R, A SR A T kA A
FUTHAR AR, I HR I ZAL T AR B R h o . 151 4
(o) /s T W& i B AL S i i 4528 . i T MinZin £k
A HA ARG AR i 25 1) S, 25 B 34 I E 600 Oe I,
A hE R B S A —— R A T, O HLRE A 0
) IS B R A DS T 0 8

BEAD TE R RBE S T AR - SR E A 72 T
RG22 T A AR G G 00 B 1 E R R K B EN T A

B 56

TRUFIILRIE S 2R, 2 TFH0H L Bt N8 350 B S8 i e k38
i, i sUR R
222 WRFESTEESHE

F S — B A AR S B T s %, 0 e T
HRZm R 2 . 25 AR S BT MRAR RERN , SRR LR (A 3%
Al LI it Kittle Jy 23209

o, ={loct (V-NoJJo, + (V=N ] @)

Hrb w0= yHo, 0, = yM., Ho N BRGS0 BE MR ARG 1 o
B, NN, N AR DT 18] SRR A P 1o



Fl 542 2016,34(18)

Detect

LHM sample ficocl

Bias static
T Magnetic Fiele

z
t<‘,y
x

(a) EAZEMHEETHESHNTE (b) ESLEMEKKE

-40
sob
60 F AL
270
40f
80+

2120 =1000 Oe

S,/dB

-0 6 8 10 12 14
Frequency (GHz)
(c)ARAREZ THIESHER

El4 MnZnHE-ERBE&AESEFMRNERSRIRERE
Fig. 4 Structure and properties of MnZn ferrite—Cu wire
composite LHM

0 peoo \
z " g
< -20 - =YIG rods obly =
A -+ - Cuwires only| ¢
:.a 40 ——Composite n.a
15} 5}
g0 E
‘=80 k- =
& -80 oo Dyl | 2 . :
=100 L1 S > -
8 9 10 11 12 8 9 10 11 12
Frequency/GHz Frequency/GHz

(a) YIGHEHF. €EECuLRHEE (b) FEHIH T E AL

AEMRBESITL KB SRS T

[\

-

—_

o

8

Passband frequency/GHz
S

1600 18002000220024002600
Applied magnetic field/Oe

(c) EFBEHFMEMIMITRENTULES

E5 VYIGHEAK-&BEESEFMEIRRUK EAE
Fig. 5 Properties of MnZn ferrite — Cu wires composite LHM

1 TG AL SR AT PR AR RSSO, 8 A IR i M ek
PR AR . B 6" () M T R A R SF o FELHR A R A 56
A MHARE SR AN o B — R B o B R, JLRAm
RO BEE a W/, (NN BRI, (N,-N) B3R
R, FRAIE Kittle J7 R , B FILPRATUR &1, 5 10 kg It
PRATR (1) RS0 8da A MR % FIaTiRds i, 2R
BRI 4 AR 2 IS . AR ER 24
3.3x4x10 mm* Fl 14~ 5.5%4x 10 mm’ 448 AR BT 1) 335 S 433
EIL B P 2 -, B R BT R R

SCIENCE & TECHNOLOGY REVIEW

(a) 135
13.0] N\
- = PF4 125 N\ ——1400 Oe
= | L NN, ——25000e
‘ 1N\ ~._ — —3100 Oe
(b) X 115 \\ .
"11.0 =
P=| 10.5 \\
7 10.0
T 95|y B
e (R S T T B S I A
a/mm

(a) Huk B A0 5P 09 e m &5 (b) AR 2409 = &5 (o)
FARIAF Ao pk B T2 ) X A

El6 SR\EMAEMETIHHEIRMZE
Fig. 6 Resonant frequency of the array of ferrite rods

®1 TEEE afE—HHBR#EFN

Table 1 Demagnetization factorNof a single rod for
differentwidths
a/mm N. N, N. (N—N,) (N,—N,)

8.2 0.26 0.53 0.21 0.05 0.31
55 0.35 0.47 0.18 0.17 0.29
4.1 0.41 0.42 0.17 0.24 0.25
33 0.46 0.39 0.15 0.31 0.24
2.8 0.51 0.36 0.14 0.37 0.22

JE G — 5T T RGE RGN TR 22 TR At
MRS T 2 FhRIAS A TR Y YIG B R £k (1) &2 A 4540, dn el 707
(a) FI(b) 7R o H T 2 MIBRASNE YIG 8 LC A7 7E , i A5
B GGHE 24 XS N AR AE SR = 25 i S B T 24
BHHEW AT EAME . B 7(c) BURERIT T AR
SEANTR] ) 2 AR A TE MR TR AN R T Ik AR A %
R, W 7(d) s . 241=0.8 mm B, B T 2 Nk B AR RY
REEHFAHR, HHELT 1AM S % 21 >0.8 mm 5, 7 8~
12 GHz i Bl P BT 2 A B ) SR S R AT | LA i %
Ay AT LA I R AR I RSTIE . BLJe , BR RS AR I
Btk AFSETE & T 00 AT 8 A 22 S0 T G U 2 o
223 MESREESE

SRS R TR R AR A B ML SRR L At
A LA SEBR 223800 22 e PR I TR o 2235 S 3T S R g S Ik
ABAERE R 4 AR AR A 1A B 2R 1 PRITH A, TR 817 ()
FIE7R o 4 AR SRR I R R £ 5 B 4333114 1200, 1400, 1600
F11950 Gs, TEAMINTE R (2300 Oe )75 4 Fhik S A 43 501
4385 S A | 5 4 R TR X 7 A Y R U HES L an &1 8 (b) Jor
TNo X AFPEREIR A B A L TR B SIS AT
TE 1A 58 AT A 2 A28 1 3 3l , Horp 4 se iy 2
T 1600 F11 1950 Gs o1 FIRE Ak BE 19 4k S AR AR 3% ik, G ]
8(c) T m o H b A DAL %] 2 SRR 1) A i A5 B8 1T DL 25 5
SIEEHAGE A OBGE A Y 220 A R R A2 T A R, He Rt
SOOI DA L SR HE— 25 ST T AR AR ) X B

57



R S48 2016,34(18)

SCIENCE & TECHNOLOGY REVIEW

(®) ~ _YIGrod
) 1-*fL_.—PCB
= = .. Cuwire
\ ’ -
‘ ‘
2(E)
w0 |Ho
x(H)
@ }
6‘ J=0.8 mm!
— 4| Ho=23000e ’ IF1.6 mm
g | 4 - F24mm
3 )
L / FE
0f wl
2 '
8 9 10 11 12
Frequency/GHz
% 20 '\'\‘ F'\
i
Roda A and rods||
g0 Wi’“":;;’ ! i) \n
'5 60 Composite v") ' P
= — radt TTCER
& W Wi e
= -80

8 9 10 11 12
Frequency/GHz

(a) WG ATk Ah—2 B X AR M7 (b) il R A
R LEM T E; (o) MERBMRIEL LM TE;(d) FMm2300 Oe
5 F R B SE LB B W B3 R SR 3MAL; () AR BRI S A2 A
oA R
E7 WaHH%EF-ER&LEABMANERS It
Fig. 7 Structure and properties of dual-band ferrite—Cu
wire metamaterial

(b)

0
YIG rods with
ifferent 4, 2 _j“ﬁf:ggg ge
Cuwire = -20 ~ 7M1600 O
é E ! L TmAmM=1950 Oe
© -40 4
L
=]
=
= -60
on
i)
=
80
8 9; 10 11 12
Frequency/GHz
© o T
% ." (AR '\, a
Soole? 49
5" 3 . :' " ~ = YIG rods only
& ' A ... Cu wires only
o -40 — Compostes
o
2
sS-6of: N ..
S LR T~ s VP
=
-80
9 10 11 12
Frequency/GHz

(a) 2BFHRANR—EB/ELESARMHTE; (D) FMm2300 O T, 4% —
BB (AnMALT F]) 69 A A9 B 73 5 (¢) #Mm 2300 Oe T, &4 4
AR A MALEK B LR 0 % 38 A A 0 i AR
B8 Z@EHHEM-EREAEABMBNENS It
Fig. 8 Structure and properties of multi-band ferrite—Cu
wire metamaterial

B 58

2.3 HHEREFHROHTEYE
231 firgTE

{F3 7 S5 AL 1 — 2 MRS 1Y) YIG BRI E A
TREE(SDZE A4 M, E 9™ (a) iR . N T JBRE G4
(R 25 TR B LR B A 1 9 (b ) BT 738 14 30 AN B TTAA F AR IE
WRBEREA , SR A BRI AR B L 56, W& 9 (¢)~(e) T
TNo AMINWEY 600 Oe B, A BT IR L Ry 5.1, G5 &
B A St AT 5 I e R v R A N, kR, R T IE
Pt YR E] 1050 Oe I, HL 3740 A 2 WAk R 4B T
TS AR ZE R AR LS R EEAR 3, He=1Flu=10.2
1) R R ARG 1 3R 2 SR A T IIE , AN (&1 9 (e) T, FRIU
TIEYTHER itk 19.8°, X FIERIS(H 19,703 —5,

Ferrite  Semiconductor Bias field Hy

y I

E, -

= =

a s e =" LR

B, =

k W23

‘ ' <
Unit Cell dy d,

negathre retractom

incident
wave |

(b

30 celt

(a) YIG 2k Bt Ae Si LT MMM AT M T %5 (b) 30 MRAMA
ST R AR TS AR BRI R R R T 9B 42 85 () 600 Oe
TFHGEHAE; (d) 1050 Oe F 9 A IT4 55 (o) JAEP R I&AR 4G 2 3
WiEZE R
9 YIGHEEF-SiE GBI RIS Stk
Fig. 9 Structure and properties of ferrite—Si LHM

JEI G PR P I A T Bk A SR 2 ST Y
PRS0 s SE U A TR R ST S B . KA
BT PRSI AR R TR BE S 0 TR IR S 4
Jm TR ELHES A A 7e TAPRE, I 5 BE BB £ B2 10 ¢
F ] LAE B LRSI 755 5 0 2800 Oe T, AS LGB 228
TEZE T RPRHEIE R it 5 DT S 80 67 Ff S PR , DT S 36
MBS R - IR 2 5 70 TR BAT 35 s 03 S e (1]
1071,



RH455482016,34(18) &

. —0—9.14 GHz for 2800 Oe
g T3 —010.82 GHz for 3400 O¢f
th
&

N

5

y(k <
*(E) L ra(E 5
»(k) x(H.) — 2
D HE 5

(e board_ 2

rod/wire cell i Y
e

{ B T |

8.0 S R S T T
—60 —40-20 0 20 40 60 -60 —40 -20 0 20 40 60
Angle from normal/deg Angle from normal/deg

(DB A e B AR ERTER; (b) ()3T Z A E IR
E10 YIGHEMF-CukEGEBMRINEHRTEEE
Fig. 10 Structure and properties of ferrite—Cu wire LHM
JATE PRV RE TOKBER R ARG R A IR | A SR, A G A FAPRHEARSMINRE 7 i T 00 T
GRS B o i TR EBRREA RS T ek | A RATaestk. Vi s R (8 117 (a) ) A R
TEAAHE | AU T DA PR % it 25 ) S P 3 3 R A il el e i RSB A S B BIEAE i 5 S B SR o AT . A

Absorber

y/mm
(a) £G4 2% (b) YIGRAA-Cu XL ARMH A FI K E R KA 5 (c) 9.85 GHz NSk B 837 3% % 5 (d) 9.85GHZz NSTIE B 4045 57 5
(e) 10.85 GHz NG+ B w3 5% 5 (£) 9.85 GHz Ak M AB42 577 5 (g) 15.8 GHz AGH i 2.3 3% B 5 (h) 15.8 GHz A4k i AR4E 7o

B 11 VYIGHEE-CukE B EIIITE KL
Fig. 11 Refraction experiment of YIG ferrite—Cu wire LHM

59 Il



R 5#2016,34(18)

SCIENCE & TECHNOLOGY REVIEW

S ATy T B G BRI AR S K B A, Horp Sk R
fERE T o 7F 9.85 GHz I, FE 5 I 22 0 A Hh S 1 R B
WE 11 () (D PR, BRI R EIRTE JUITUR T RE 5 %
Ry GBS, AR R B LR A 23 B 3 A AR R A A0URE , R i 2
R SR ZU R WSO E . AE 10.85 GHz I, A BT 4 L IE
e A TR R RAT S 4, il 11 (e) B (D) frs . 7E
15.8 GHz I}, H1 38 B Al SL IR AT 3, 8k SR A0 F G 37 11 B
G VR LSS R S AT S SR Bk 1, A T IEST S
%, B (g) (W) IR, Rl 2, 76 12.2 GHz 0%, i '
RARUFE RS T 0, ASHIE KA TIE R T o4, anfgl 12
B

80 100 120 140
y/mm

E12 122 GHzEEHEREZENEFRFAR
Fig. 12 Measured spatial maps of the phase of electric
field for an incident wave at12.2 GHz (near—zero refractive
index) refracting from a wedge

ADE T IR 76 T A PR LIS R , #9618
o MR T A D AR AR (B Sr B 2RI K G
IR AU R SR A L B 9 R 22 TR0 . AT 1 g
ORI UE T B LG, A& 13°9(a) BT7s . 11.1 GHz
TR B i S5 22 TR, FE R AR e P i

0.10 ]
—0.1-0.05 0 0.050.1 0.15 0.2
= (d)

© F" amec” " Foam
5 1.0 ‘* $ . [
5.-, 0.8+ /‘ &
= 06F 3| i 1
1) [ s [~e-tm30°
k= 0'4?— * + P |-e-6=300]
£ ¢
= 02F 4 —-0=60°|]
~ 0.0

0.0 - ]
-90-60-30 0 30 60 90
Angle(®)

(a) 11.1 GHz %4 ¥ BRIk F it ANk BAR—Cu & AR Z A 0k kAT 09 58

Ao A (b) At EIBWTER; () 11.1 GHz T, M5 2 BB R M4t
8 )a — LB HPE A (d) 1.1 GHz T, BB A4 L B ki A
E 13 kA E-CukE SEBMEIBRABFIEIRLNER
Fig. 13 Beam shift and prism experiments for
Ba hexaferrite—Cu wire composite LHM

TG Z A AT S, 7= A I R AR R . A T — A i
FIBEIE 22 TF-41 R} (60° 1 30°) BT 5 AN S 5246, A&l 13(h)
FIiR o ABHIE 2t v i & AL B A S B S BN G, EL ) 0 Bt
B T0UFR £ BE R R) & AR AR R AR AL, G 13 () IR o 42 IR
I UE T SZgR 25

JE B SO T B YTG A BST 5 [ B2 TE [ 41 45 44
CanfE 14" Ca) oy 7 )t HAT B 0 4 SR o 7E 2500 Oe
FIRESA R EE T, Ji5% 10~12 GHz BYSURE BL A, 0 5 ol %
B BAE-30°,11.36 GHz BN, 4n1& 14(b) firs . #R
T SCBAT S s 1, S A b R AT S R KA R — 1,58, sk
VLS T TG T

x(H)
normal

Frequency/GHz
5 i

H
e
n

& .
0.0 604020 0 20 40 60
Angle from normal (deg)

10.0
-60 40 20 0 20 40 60
Angle from normal/deg

(b) HEXBHEHABENTER

E 14 YIG#H-BSTEREESEM RSN ES i sHigRE LN
Fig. 14 Prism experiments for YIG ferrite rod—BST
ferroelectric rod composite LHM

232 TWARESHIESS

Rachford 25> 1 T KR SAR 5B &R MM E &
g R EUR R R T G T 2, B s AR SR A
o ¥ 5 A S MmN R (B 151(b)) , B85 R i RT R
T PE 2 2.6 cm AbJCE — LRI, FEAMNMBE A 1 %44 F , i T
MG A TS o B A R A R . T AMINRE
925 0e ZEE 1075 Oe, X1 AYFEFE S 2R MERI N 1.21 em 22 F|
0.84 cm, SCI T AEFE IR

Harris S5 1 1 T AT JETE 9T 5 5 AR TNIM) A7
MRS . 25T 5 A45H h YIG AR 275 38 I i 1 i) 2
FEFNAL AL, BT Z (A — 2 RN b . X FhE & 254 ]
DAAE — B8 5 19 01 2% 30 ] P S B0 A 38 4 1 3 350mT ok



Fl 542 2016,34(18)

B A5 3] TNIM 7E 3.0.3.5.4.0 kOe 37758 F I (1435 55 990385
AT AT B 0 5 B 1 AR Ak 25t BRSO A B 42 i
Hix MO RS 5w B B A TR e C &R .

Distance/cm
(a) HEEEE)TBEH(IKE)FAR (b) RS ELEMH K ME
HR(EEEE)EARNERERTE ERITHER

B 15 HEG-cBEESEMRINEHMMERELR
Fig. 15 Structure and focusing experiments for Ba
hexaferrite—metallic wire composite LHM

3 EHMMESHERAHEEFHEMER
3.1 MM EEREHELFHR

— PO NTE A IR B P IEAAFAE AT SRR}, R A
WFFER A B AL 070G TR0 B S A EADRLE 5 SRS LR
Ze TR 2006 4F, FUESE & 1 PR IR E /S Bk SRS
G IPer g EM RN R AR S AR USRI S E
Ao SRR PR ) 97 S SR RN ER RE AR £ LB BES B RA L
TURHME , G50 /R A ARHELAT W35 0 R Rk L (R
BREAUAR TG SRR R R IMIRE R SR

20104F, Ciomaga 551 £ 1 AL 1) B IR 45—l ik S 1A
LB % 52 A MOBHEA B 73 3] i/ £ U EOm
TG 3 (B 16) |, {H J2 35 o R BB TE [A]— 451 Be [m] i i3 9K
RIS HLAT UG R

15 =0 20
i ghdoded _._ng_%
B o ——x=0.
010 i | —==x=0.3 015
S — 2
S 37 S10
X S8 il —
o 32y T s
_5 : :
' : 0
0.2 04 0.6 0810 02 04 0.6 0.81.0
Frequency/GHz Frequency/GHz

(a) STEREHIE (b) SrEEEHER

——x=0.1 ——x=0.1
——x=0.2 b x=0.2

0.54—x=0.3 % ——x=0.3
§ H i § 1.0
% 0.04 % e
% ] ”ﬁ?F'E

-0.5 : — i

T22 24 2.6 22 24 2.6
Frequency/GHz Frequency/GHz

(c) MESERIH (d) #SZEED

E16 HHRA-HKEME S L KIGEBUTIL T
Fig. 16 Frequency dependence of permittivity and
permeability for xCF—(1-x)PZTN composites

2009 4, FHEAER R B 1 U R B 00 5 R Y
CoZ BRAME AL, A Bl 1 25 By 1 LR 2R T AL RS
RN PR EFER AR I TR 3 (EUR SR ZE R W, PR R
PR S HA A F AR 172 R A S p B 2
T, BRERE R BAT S WU B B0 e o RS YIG 2R
SRR LB UL A A5, T S A R R W T R AT
AT I Co.Z R AR AL T3 A1 L3 KL, YIG BR AR 1 7

4000 e £/(x=0) —a— £/(x=0.6) -6 —a—0 A/m —0—80000 A/m -30 b ;
3500 Faaa o b o ¢
3000 | Aaa,,0eeE (x=0) -te- & (x=0.6) 1 8% ‘ ﬁ £
2500 = AAAAAAA‘A‘A‘ 3 -34 5 % A ; : Ji} A
2000 g, | - Wl B g by |
0 1500 1 LT l -36 % A ;% Y
N 1000 .--.-.-Illl. E— % @X% %
-
500 | e P 438 s & &
I0B006G0000666666666660 ! 08¢ % &
508 : Jrangatut —40 —0—42400 A/m—o—46400 A/ %
1000 Fa g {3600 Almy—59200 Al
~1500 . . a . —0--67200 A/m 4
10M 100 M 1G 25 30 35 2.0 24 2.6 2.8 3.0 32 3.4 3.6 38 4.0
JIHz fIHz f/Hz

(a) Co.Z Bk RIKH It FE B KTk

(b) #iRESTE

(c) Co.ZHKEM-YIGHRARKE AL
B E G g

E17 CoZH%EHRESYIGHEKS SEMABFYE
Fig. 17 Electromagnetic properties of Co.Z-YIG ferrite composite materials

H T AR AETE S AR BOBURL LS 50 B9 525 BORE b 3RS UG RR
P, AP E AR A —E T 2 o i [R] A SR, (05 1 A2
PUN 2t m] USSR G TS

(& +]& )1t |1 ) <28, (3)

X E A TR W 58w < 0,1 HHA TR & A H
AL [&'|~ e, . 20074, Pimenov S5 MR % B , 72 kG
Lax;CaisMnOy(LCMO) 3145 T 4 5 48 . 150 GHz [ i
R N [RIRLEE A AT S R A SOGR BRI G S 1 O FR &) 18 B

61 I



#4%5 2016,34(18)

I ‘ S
TR BEZRIRE LT, SR (o B A S . W 18T
VAEL 1 i 0 7 AR X B , s H R Bl T LCMO
KBTS AN B

Lay; Cays MnOs

210K .
150 GHz f

100 -

Refractive index/n

-100

400 H

Absorption/K

1393
(=3
(=}

E 18 7£150 GHz Bt LCMO FEA EliE B T BT 51 2 (a) FA AR YL
(b)) FIRE AR 1
Fig. 18 Magnetic field dependence of the refractive index
(a) and absorption coefficient (b) of LCMO at v=150 GHz
and different temperatures.

J A SIS T AR S48 2% F 1Y La,-.Sr.MnO5(LSMO)
BEERA 55 R R RE R BORE 0 11 R T e o AT TN K T A R
1 2 RGN HLH R, A 199 R R o 24 x=0.2 I, FE
200MHz DL R AR HE L0 5% 4 200 MHZz 2 1 GHz Ji Bt N
BIWEE 2R /NT 1o SRR 1Y 56 2 2 MR Y IR P g 6
AR, BE XL 2] R AR FE G, O HL 6 g Ak R 85053 ) HE B AE 0.2
0.6 GHzo (HZMBHUR R REUNT 1 TEHERL 55N F
1, IEAE FUE A GUREA 0, 1t H A B 5 69 i 500 B
KEA

i T B W S LASRAS A TR 22 A, J A
I AT RS E0 5 25 1) S M A U 2 RURE A R, FFE M

30

25 "

20 real i,
44444 imag p,

Permeability Tensor
w o O

() Ety -
S5F
-10 f

8 10 12 14 16
Frequency/GHz

(a) HEBEWMBOKEFHNERSE

(a) ool =02 *x=05 —
220k
2
E 40k} P
&
= 6.0k
L
o~
—8.0kF* b
. 300.0 M600.0 M 900.0 M|
o 100 M 1
Frequency/Hz
(b) 18fF
lor
14r
g
% 10F 0.2-p’ fitted
“E’ gpo 0.5-p’ fitted
g or
4F h:l .. 0.2-p" fitted
2 Laast _ o.s-p”gﬂ'cgqv ”
of" vervvevree
M 10 M 100 M e
Frequency/Hz

E19 La.SrtMnO:HENMEBEH (a)ME#SE
(b) ESZEMX R
Fig. 19 Frequency dependence of (a) complex permittivity
and (b) permeability spectra for La;-Sr.MnOs

YIRS AT E R IR BRI 1 53 e Ly T 1) i SR B (L K
LI 297 0] 73 5 A5 A0 BB 35 45 16] S P, 76— 72 043
PSEELT A A B A AT SR A (11 20) o
32 EFMHESHEMPHREEEER

754G AT R R AR R 2 O T B R R RORT B
TR, HEIZE T AR R AR A 45, Frp ) v ROR
TR TR P SE B, EA KR AGE , ol LUH 25007 1%
I3 S B A R RO B 3 AR AT 8 B AR A )
TE B EH R BB . (FREATE A O 2
B PIARLLIC R A U RERR & , 7T RE 35 s Wi 2 5 A LA
Yo FETIIRP MG R AT ZET AR, th T HA R Y
T HE I KA O A R R AE B 2% ) S 5 2R AT AAROR

E field V/m
5:15

421

3.23

2.11

1.02

0

(b) 13.5 GHz TRYFEIZ IR E L IZ I E &

20 BiREMEMBKEH BRI R ST 5 K51

Fig. 20 Electromagnetic properties and negative refraction experiment of self-biased Ba hexaferrite



Fl 542 2016,34(18)

ok 55 FEL A A A SR PR RE AR S ™ (U 3k
WEN SR ZE TR, i TR 4L e IR RLICHLU HES H B A =
35 ) [ PE AR R o P R A EAE TS 28 200, i A
FELE FAb 7R 25 PR AR S5 F4 1) 52 AH SR AR A4 R4 A B S B
TR AR B XTI T T KT .

VR AE IS R R TR T - 7S AR IR B A A b o (1A
21) o MO L UG A R LA S, K F AR RN A AR
OYARYIA) . BERREAR Fr B i sk H g S R B A AR
A F AR AR 55 - 17 = A7 I A% By, B R BRI S 3
JIN, VR BH A 22 [] R A S 3555 1 A H iR AR

PO AT AT T i — IR AR e ST . RITTAE
FELTT Y 7 AL T TR 09 4 T e HE B B 2o A\ R AR S 1R
FEL AR, G 2208 (a) BT o %o T LA 45 [ S £ g o
B SR TN 4 B 4k (R A 454, o A LA 2 -3d i
(E22(b)), Hrf 15.5 GHz iy HA A T4k CRZAR L6 A
HLH R A BRI G R ), A I 7R R o S ) A 4 (IR
22(c) )5 MTE 18.5 GHz MR A2 A7 i AR AT . %A
G WS ARG 7 1) 6 R 3 R R AR A TR 78
Flko 2B WIS 0] S0 SR SR RS O, T AN

(b)

SCIENCE & TECHNOLOGY REVIEW

Y77 16} (8 il S RS ARAT 2 TR Y AL B, 53 N 7 1wl
TG 7R S R IR o e ARG O 2 TR B Tk
(K235 o 53 —TJ7 i, A R 07 S R R B IR e
B 5 B IR, BENTRHAS A A AR SRR o I BELA
POt A 25 ) S, T LR 07 1) B T S R A R
LA R LR, AT )7 1] B G S R TR . AR i ik —
AT T HI S F R & R A T DT I A SR A R R
EREZIMA T — D AERENEZE vh 2 0] LA AR T 5 25
F 2T

JABF R B T IR B R R M R 2 A 2 T4
PR (A1 241 Ca) F1 () 7R ) , i i SE s WA 1 e T4
5 RAT AT LR R PR HES A [ B 22 ARHR BUBE
FEAPEA TR BESE R, 7T LUE B, SR AU AR 5 6 R L F A7 1S
P A 45 A T A 08 Y 8k SR A A A < i e A IR R
il AR R 73 VR, E S0T S5 30 LAY AR AR A3 BE S BLAE A
SN 24 () B o TG T3 ELHES A FE -2 45, 12 Sk
IG5 BE 9 2800 Oe T, i 5T I ARAL REEAT ST 2] 61 f BE T
P PAY T 95 A WL 3 T 3 SR IR R, 3K e PRI DAy e L PR PR e B 56
ZHI5 TR SRR

10000 4

8000 |

1020 30 40 50 60 70 80
Ferrite wt% €

f/Hz

(a) x=07F(b)x=1.2 4 SRARBRAE —Y BAR BRI A SRR R0 H 4T F B 0) RRSARES W AW LI

& 21
Fig. 21

FRBIB-AREGESLRBEN BRSNS BT

Microstructure and electromagnetic properties of PNNT ferroelectric ceramics—Y type hexaferrite cofired

composite ceramics

Y(E) LT
x(k) /
z(H) Ih l |
> |

(a)

0 Left-handed
-20}  passband
-40
-60
-80 y
10 25 yim
ot=0 o
9.02
k(x) n 0'758
1 -2.74
—m -28
specimen air o _z-zﬁgé

(2) 2B KAKBEA T B A5 M0 T %5 (b) B85t RBEA R BAT A ; (o) BAF P SIE ) — AR May 9 57

E22 H$HNR-csBE&ESETFHRNENS R
Fig. 22 Structure and properties of a composite with metallic wires embedded in a homogeneous negative—p medium

63 I



2,

#4%5 2016,34(18)

SCIENCE & TECHNOLOGY REVIEW

0 4=L(o)

H=u=1

p=tt=L()

p=1

S>/dB

10 15 20 25 10 15 20 25
fIGHz fIGHz

E 23 ARE#EEEFEFHER T E & S0 E ST NE
Fig. 23 Transmission spectra of the specimen with
metallic wires embedded in a homogeneous negative—p
medium with different kinds of anisotropy

x(He)

PrwCa

R
gt o FR-4 1K), =(Es)
< N e ’ .«lm‘_t/
0.5 YIG f @
(k) (k) .
e EE ) Ho =t
:(Lu)i—Q,\(Hu\ board 2(Ex) @ x(He) "
ol A rodiwire cell L
I EER K] A rl
EEREEEE L B
IEEREEEEEXE K] {——r—t—
R E R EEE

12.0

*<10°mW

%11.0 .gi(:gno
2100 202100
p §s
g 9.0 g8 90
= =

8.0 (c
—-60-40-20 0 20 40 60
Anale from narmal (dea)

8.0
-60-40-20 0 20 40 60
Anale from narmal (dea)

o —0— 9.14 GHz for 2800 Oc
R, —o— 10.82 GHz for 3400 Oc.
ig

~0~9.50 GHz
=0=9.44 GHz

604020 0 20 20 60
Anale from narmal (dea)

60-2020 0 20 40 60
Anale from narmal (deg)

(a) FATHE 25405 (b) RXHF 4 H; (c) FATHI WAL I 45 R 5
(d) RXHF 09t pr FRa s R (o) FATHZIRINS I A B AR
(f) X SUHEF) GO NST o A B A 45 R
E24 YIGHEMGF-CukESLFHRINENSERE
Fig. 24 Structure and properties of YIG ferrite—Cu
wire LHM

4 g

76 TFRPRME S i SR ) — SR, B AR 2451
BEREE . BB FREAL S BB | AZE TR RS,
FLHR T AR AR SR RO A SR IR S LB R TR
R, A BT S R T AR A 4 R v RURE L 48K T
PRI T 98185 2 5 et 1T EL AT AS LA D REA R0 £ T g

B o4

‘T ‘##iiﬁﬁE?H B Ar SRR, X T2 T AR AR R 1Y

HATRERE S AN, S IRES B TR H B
U\ZIKﬁﬁLﬁEEE T HABGELA B Y ERA T, % T2 TR
(g BHe A B B AHE S L K D RERT R Y £ Ly B
S S EAR BT B ARG &, X R D RERT R S A%
PRI R SR T — 2 2B e B Oy e

B3 30k (References)

[1] Veselago V G. The electro dynamics of substance simultaneously negative
values of & and p [J]. Soviet Physics Uspekhi, 1968, 10(4): 509-514.
[2] Pendry J B. Extremely low frequency plasmons in metallic mesostructures

[J]. Physical Review Letters, 1996, 76(25): 4773-4776.

[3] Pendry J B. Magnetism from conductors and enhanced nonlinear phenomena
[J]. IEEE Transactions on Microwave Theory and Techniques, 1999, 47
(11): 2075-2084.

[4] Shelby R A, Smith D R, Schultz S. Experimental verification of a negative
index of refraction [J]. Science, 2001, 292(5514): 77-79.

[5] Tsutaoka T, Nakamura T, Hatakeyama K. Magnetic field effect on the
complex permeability spectra in a Ni—Zn ferrite [J]. Journal of Applied
Physics, 1997, 82(6): 3068-3071.

[6] Tsutaoka T, Kasagi T, Hatakeyama K. Magnetic field effect on the
complex permeability for a Mn—Zn ferrite and its composite materials
[J]. Journal of the European Ceramic Society, 1999, 19(6): 1531-1535.

|7] Pimenov A, Loidl A, Przyslupski P, et al. Negative refraction in
ferromagnet— superconductor superlattices[J]. Physical Review Letters,
2005, 95(24): 247009.

[8] He Y X, He P, HarrisV G, et al. Role of ferrites in negative index
metamaterials[J]. IEEE Transactions on Magnetics, 2006, 42(10): 2852—
2854.

[9] He Y, He P, Dae Yoon S, et al. Tunable negative index Metamaterial
using ytirium iron garnet [J]. Journal of Magnetism and Magnetic
Materials, 2007, 313(1): 187-191.

[10] Zhao H, Kang L, Zhou J, et al. Experimental demonstration of tunable
negative phase velocity and negative refraction in a ferromagnetic/
ferroelectric composite Metamaterial[J]. Applied Physics Letters, 2008,
93(20):201106.

[11] Zhao H, Zhou J, Zhao Q, etal. Magnetotunable lefi—handed material
consisting of ytirium iron garnet slab and metallic wires[J]. Applied
Physics Letters, 2007, 91(13):131107.

[12] Xu F, Bai Y, Qiao L, et al. Microwave left—handed composite material
made of slim ferrite rods and metallic wires[J]. Chinese Physics B,
2009, 18(4): 1653.

[13] Poo Y, Wu R, He G, et al. Experimental verification of a tunable left—
handed material by bias magnetic fields[J]. Applied Physics Letters,
2010, 96(16): 161902.

[14] Zhao H, Zhou J, Kang L, et al. Tunable two—dimensional left—handed
material consisting of ferrite rods and metallic wires[J]. Optics
Express, 2009, 17(16): 13373-13380.

[15] Xu F, Bai Y, Ai F, et al. Realization and modulation of negative
permeability using an array of hexaferrite rods[J]. Journal of Physics
D: Applied Physics, 2009, 42(6): 065416.

[16] Bi K, Zhou J, Zhao H, et al. Tunable dual-band negative refractive
index in ferrite—based metamaterials|]]. Optics Express, 2013, 21(9):
10746-10752.



Fl 542 2016,34(18)

2,

[17] Wang Q, Zeng L, Lei M, et al. Tunable metamaterial band stop filter
based on ferromagnetic resonance[J]. AIP Advances, 2015, 5(7):
077145.

[18] Bi K, Zhou J, Liu X, et al. Multi—band negative refractive index in
ferrite—based metamaterials[J]. Progress In Electromagnetics Research,
2013, 140: 457-469.

[19] Wang Q, Bi K, Lei M. Magnetically tunable dual-band transmission
through a single subwavelength aperture[J]. Applied Physics Letters,
2015, 106(19): 194102.

[20] Bi K, Zhu W, Lei M, et al. Magnetically tunable wideband microwave
filter using ferrite— based metamaterials[J]. Applied Physics Letters,
2015, 106(17): 173507.

[21] Zou D, Jiang A, Wu R. Ferromagnetic metamaterial with tunable
negative index of refraction [J]. Journal of Applied Physics, 2010, 107
(1): 013507.

[22] Zhao H, Li B, Zhou J, et al. Abnormal refraction of microwave in
ferrite/wire metamaterials [J]. Optics Express, 2011, 19(17): 15679-
15689.

[23] Bi K, Guo Y, Zhou J, et al. Negative and near zero refraction
metamaterials  based  on
ScientificReports, 2014, 4: 4139.

[24] Gu Y, Wu R, Yang Y, et al. Self~biased magnetic lefi—handed material
[J]. Applied Physics Letters, 2013, 102(23): 231914.

[25] Rachford F J, Armstead D N, Harris V G, et al. Simulations of ferrite—
dielectric—wire composite negative index materials[J]. Physical Review
Letters, 2007, 99(5): 057202.

[26] He P, Gao J, Marinis C T, et al. A microstrip tunable negative refractive

permanent  magnetic  ferrites|J].

index metamaterial and phase shifter[J]. Applied Physics Letters,
2008, 93(19): 193505.

[27] Bai Y, Zhou J, SunY, et al. Effect of electromagnetic environment on
the dielectric resonance in the ferroelectric—ferromagnetic composite

[J], Applied Physics Letters, 2006, 89(11): 112907.

SCIENCE & TECHNOLOGY REVIEW

[28] Ciomaga C E, Dumitru 1, Mitoseriu L, et al. Magnetoelectric ceramic
composites with double—resonant permittivity and permeability in GHz
range: A route towards isotropic metamaterials[J]. Scripta Materialia,
2010, 62(8): 610-612.

[29] Xu F, Bai Y, Qiao L.et al. Realization of negative permittivity of Co.Z
hexagonal ferrite and left—handed property of ferrite composite material
[J]. Journal of Physics D: Applied Physics, 2009, 42(2): 025403.

[30] McCall M W, Lakhtakia A, Weiglhofer W S. The negative index of
refraction demystified[J]. European Journal of Physics, 2002, 23(3):
353.

[31] Boardman A D, King N, Velasco L. Negative refraction in perspective
[J]. Electromagnetics, 2005, 25(5): 365-389.

[32] Pimenov A, Loidl A, Gehrke K, et al. Negative refraction observed in
a metallic ferromagnet in the gigahertz frequency range[]]. Physical
Review Letters, 2007, 98(19): 197401.

[33] Yan K, Fan R, Shi Z, et al. Negative permittivity behavior and magnetic
performance of perovskite La,- Sr,MnO; a thigh—frequency[J]. Journal
of Materials Chemistry C, 2014, 2(6): 1028-1033.

[34] Lan C, Bi K, Zhou J, et al. Experimental demonstration of hyperbolic
property in conventional material—ferrite[J]. Applied Physics Letters,
2015, 107(21): 211112.

[35] Pokrovsky A L, Efros A L. Electrodynamics of metallic photonic
crystals and the problem of left—handed materials[]J]. Physical Review
Letters, 2002, 89(9): 093901.

[36] Pokrovsky A L, Efros A L. Pokrovsky and Efros Reply[J]. Physical
Review Letters, 2004, 92(11): 119401.

[37] Marques R, Smith D R. Comment on “Electrodynamics of metallic
photonic crystals and the problem of left— handed materials” [J].
Physical Review Letters, 2004, 92(5): 059401.

[38] Bai Y, Xu F, Qiao L. The left— handed property of the composite
structure of metallic wires in an anisotropy medium host[J]. Applied

Physics Letters, 2009, 94(9): 094101.

Left—-handed materials with ferromagnetic medium: A review
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Abstract Metamaterials have been a hot issue in the international research community over the past decade, among which the left—-handed

material (LHM) is the most typical one that possesses simultaneously negative permittivity and permeability and has unique electromagnetic

properties. Although the physical nature of the LHM is equivalent to the continuous medium, in fact LHM is made of artificial metal

structure and the physical properties are determined by the parameters of the structure rather than the intrinsic property of the material.

Utilizing directly the functional materials’ intrinsic physical properties which can generate negative electromagnetic parameters so as to

obtain the lefti—handed properties can greatly enrich the physical characteristics of the LHM and jump out of the scope of design of

metamaterial, which is also the characteristic research field in the research field of the LHM. There have been many studies on LHM with

ferromagnetic medium in recent years. In this article, we will review the progress of LHM with ferromagnetic medium.

Keywords lefi-handed material; ferromagnetic medium; negative permeability; negative permittivity; negative refractive index
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